In Rhodobacter capsulatus, cobalamin biosynthesis has been shown to occur when the bacteria are grown either aerobically or anaerobically. However, a comparison of the main cobalamin biosynthetic operon found within R. capsulatus would suggest that the encoded proteins belong to the oxygen-dependent pathway for cobalamin biosynthesis, although, significantly, no homologue of the essential mono-oxygenase CobG has yet been detected. orf663 is termed orf647, and was found to encode a 2Fe-2S ferredoxin-like protein. We suggest that these two proteins may provide an alternative oxygen-independent mechanism for ring contraction within R. capsulatus.
Introduction
Cobalamin is unique among the vitamins in that it is synthesized only by Archaea and some Eubacteria. It is generally accepted that two distinct yet similar routes exist for its biosynthesis, which are referred to as the oxygen-dependent (aerobic) and oxygen-independent (anaerobic) pathways. Comparative genome studies of cobalamin-producing bacteria has allowed the various genetic requirements of the two pathways to be identified and, while there are some similarities, there are some fundamental genetic differences determining the two routes. For instance, the genes cbiD and cbiG ( Figure 1) . None of these genes show similarity to the essential cbiD and cobG genes of the anaerobic pathway, although homologues of the aerobic pathway genes cobF, cobE, cobW, cobN, cobs and cobT have been identified. Thus, in genetic terms, R. capsulatus seems to bear the hallmarks of an aerobic cobalamin biosynthetic pathway. Significantly though, cobG, which encodes the monooxygenase that utilizes molecular oxygen to generate a y-lactone with the acetate side chain on ring A of the macrocycle to yield precorrin-3b from precorrin-3a and is an essential component of the aerobic ring contraction process, is not found (although it could be present in an as yet unsequenced region on the chromosome) [2].
However, as R. capsulatus is able to grow well under both aerobic and anaerobic conditions with a requirement for B,,-dependent enzymes such as methionine synthase [3] and methyl malonyl-CoA mutase [4] , the possibility exists that cobalamin can be formed in the absence of molecular oxygen. Also, evidence has recently been provided suggesting that cobalamin is required for bacteriochlorphyll synthesis, a process that occurs only under anaerobic growth conditions [5] . This has lead to the hypothesis that the absence of a typical cobG may enable this pathway to function without molecular oxygen. T o start to address this point, we investigated the levels of cobalamin synthesized in R. capsulatus, when it was grown either aerobically or anaerobically. The result was clear-cut, in that similar levels of cobalamin were found whether the bacteria were grown in the presence or absence of oxygen, Thus, how does this bacterial species bypass the requirement for molecular oxygen, and by what mechanism does the bacterium promote the ring contraction process ? Using a candidate gene approach, we identified a 2.5 kbp open reading frame (ORF663) within the main cob locus (see Figure 1 ) which is not found in the cobalamin biosynthetic operons of any other bacteria studied to date. The predicted amino acid sequence possesses a cysteine-rich motif CXXCXXCXXXC,CXXCXXCXXXC like that found in many ferredoxins and indicative of the presence of two [ 4 F d S ] clusters. Interestingly, ORF663 shares approx. 25.4 O 0 identity over 256 amino acids with CobG, indicating that they may be related and have evolved from a common ancestor. CobG is also a nonhaem iron-sulphur protein, and is reported to contain 4 5 mol of iron per mol of protein, suggesting the presence of either a [ 4 F e 4 S ] or two [2Fe-2S] clusters [6] . This similarity has lead to the hypothesis that ORF663 may replace the missing CobG ring contraction function, thereby enabling the cobalamin pathway in R. capsulatus to bypass the requirement for molecular oxygen, for instance by utilizing some alternative novel chemistry instead [l] .
Results
T o address the function of orf663, the gene was cloned in Escherichia coli to allow the overproduction of a His-tagged version of the en-coded protein. Unfortunately, full-length (90 kDa) ORF663 is insoluble, but was found to be extractable with Triton detergent, suggesting that it is a membrane protein. Indeed, the C-terminal region of ORF663 is predicted to have 6-10 hydrophobic transmembrane helices and is homologous to CitB, which is also an integral membrane protein in E . coli [7] . Although the fulllength protein is insoluble, a major truncated form of ORF663 can be isolated from bacteria overproducing ORF663 using a Ni-affinity column. This major truncated form has a molecular mass of 50 kDa and represents the N-terminal domain of the protein, since ORF663 was cloned to be expressed as an N-terminally His-tagged protein. This domain of the protein is isolated as a yellow solution and gives a UV-visible spectrum typical of a flavin, with peaks at 360 and 450nm (Figure 2) . The N-terminus of ORF663 is homologous to the fumarate reductases A subunit, which is also a flavoprotein.
In vivo, the reactivity of ORF663 has been investigated by comparing tetrapyrroles accumulated from strains containing a vector overproducing CobA and CobI, and therefore capable 
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of making precorrin-3a, with those from strains containing a vector harbouring cobA, cobI and orf663. The tetrapyrrole product of the cobAlcobIexpressing strain is orange, as is expected for precorrin-3a, while the product of the cobA/cobI/ orf663 strain is purple, indicating that ORF663 is undertaking some kind of metabolic activity on precorrin-3a to produce a compound with a different chromophore. Work is now currently under way to elucidate the structure of the compound that is found accumulated in this strain.
A 
Discussion
The R. capsulatus cobalamin biosynthetic pathway appears to represent an evolutionary intermediate between the more primitive anaerobic route that is found in the Archaea and some Eubacteria, and the more modern aerobic pathway. T h e oxygendependent pathway is thought to have evolved only after the appearance of oxygen in the atmosphere, some 2 billion years ago. T h e presence of a similar pathway in R. capsulatus would suggest that it is only the evolution of CobG that has occurred, and that the actual pathway is probably much older. Thus the current concept of having two routes for cobalamin biosynthesis defined on the requirement of one for molecular oxygen is incorrect; rather, the pathways should be described on the basis of when cobalt is added. Thus the anaerobic pathway could be termed the 'cobalt-early ' pathway, while the pathway requiring molecular oxygen could be termed the 'cobaltlate ' pathway.
